Introduction
[2] Large-scale dayside auroral transients in response to interplanetary (IP) shock compression on the dayside magnetosphere were documented recently by Zhou and Tsurutani [1999] . This type of transient is characterized by a sudden brightening of the aurora on either side or both sides of noon at the time of shock arrival at the magnetosphere. The initial brightening is limited to a few hours of local time but immediately propagates/extends to a much wider local time and can reach the midnight sector, occupying most of the oval in $20 min.
[3] We report a new category of auroral transients characterized by a sudden brightening of auroral patches in the midday sub-auroral zone. We refer this type of auroral transient as a midday sub-auroral patch (MSP). An MSP occurs simultaneously (within 1 min) with a storm sudden commencement (SSC) and is associated with magnetospheric compression caused by an impinging IP shock. Sub-auroral zone auroras, such as auroral patches [Moshupi et al., 1977] and detached arcs [Anger et al., 1978] , have been documented for some time, based on ISIS 2 scanning photometer observations. However, these auroral forms generally occur in a later magnetic local time (MLT) sector (1500-2100 MLT for detached arcs and $2100 MLT for patches) than the MSP. They have a typical lifetime on an order of hours or longer, whereas an MSP lifetime is only a few minutes. In the present paper, we show evidence of aurora detached from the oval in the midday sector using far ultraviolet optical observations from the Polar Ultraviolet Imager (UVI) [Torr et al., 1995] .
Observations
[4] The UVI on the Polar spacecraft is a fast snapshot imager capable of monitoring the dynamic behavior of aurora with near global coverage at typical temporal and spatial resolutions of 37 s and 0.04°per pixel ($30 -40 km at Polar apogee $9 R E ), respectively. However, the realistic spatial resolution is $10 pixels in the spacecraft wobble direction, which changes slowly over time. There are 4 narrow-band (l $100 Å ) filters employed on UVI, corresponding to atomic oxygen lines at 1304 and 1356 Å and N 2 Lyman-Birge-Hopfield (LBH) bands at 1500 and 1700 Å . By imaging the aurora in the FUV spectrum, it is possible to separate the aurora from the relatively weak background solar FUV dayglow if the aurora is bright enough to be measurable.
[5] We search the Polar UVI database for dayside subauroral zone enhancements based on a list of SSCs published by International Service of Geomagnetic Indices (ISGI) monthly bulletins. In this study we report three such events and associate them with the IP shocks as identifed with the solar wind and magnetic field data from the Wind satellite. These events are listed in Table 1 and will be discussed in detail in the following sections.
Event 1: May 1, 1997
[6] The first event occurred on May 1, 1997 at 1243 UT. Prior to this time, a weak, quasi-perpendicular IP shock was observed by the Wind spacecraft at $(215, À4, 23) R E in the geocentric solar magnetospheric (GSM) coordinate system (see Figure 1) at 1203 UT. Figure 1 shows 1-min time resolution of solar wind plasma and magnetic field data from 1100 to 1300 UT. The IP shock is characterized by a sharp increase in the solar wind speed, dynamic pressure, density, and magnitude of the interplanetary magnetic field (IMF). Jump conditions for solar wind parameters for the upstream and downstream regions of the shock ramp are listed in Table 1 .
[7] When the IP shock impinges upon the magnetopause, the Chapman-Ferraro currents are expected to increase and move earthward owing to the sudden increase in the dynamic pressure (3 -6 nPa) at the shock and consequently affect (increase) the H-component of the ground magnetic field. Indeed, an SSC was observed at 1243 UT. Therefore, the time of the SSC can best be used as an indication of the arrival of an IP shock at the Earth within $60 s [Nishida, 1978] .
[8] A sequence of Polar UVI images from 1238:33 to 1253:53 UT is shown in Plate 1a. At 1238:33 UT, the dayside auroral activity was generally weak except in the 1400 -1700 MLT sector. The midday oval was located at a typical latitudinal range from $77°to $80°magnetic latitude (MLAT). At $1241:37 UT, the aurora intensity decreased in the postnoon sector but increased in the prenoon sector. By 1244:41 UT, a clear LBH auroral patch emerged near magnetic noon from $70°up to the equatorward edge of the oval at $75°. The intensity of the auroral patch reached a maximum in $3 min and vanished quickly in another $3 min. An enhancement of auroras in the dayside oval was also evident but lasted somewhat longer [Zhou and Tsurutani, 1999] . We also produce auroral keograms using Polar UVI LBHs filter images for 1000, 1200, and 1400 MLTs from 60°to 90°MLAT (from top to bottom in Plate 1b). Each vertical strip in the keograms represents auroral emissions averaged over one MLT-hour sector centered around the specified MLT, with 1°resolution in latitudes. It is evident that the MSP was first noticeable at magnetic local noon as early as 1243 UT, the same time as the onset of SSC and the oval brightened. The MSP was clearly separated from the main oval. At 1400 MLT no significant auroral enhancement was observed, while at 1000 MLT the oval seems to intensify and widen.
[9] During this event the Defense Meteorological Satellite Program (DMSP) satellite F14 made a pass to the dayside sub-auroral zone enhancement region. (The footprint of the DMSP F14 is marked as a black square in each of the UVI images in Plate 1a.) Electron and ion spectrograms plotted in the bottom panel of Plate 1c indicate that DMSP F14 made an entrance into the midday oval. The first region it encountered was the mantle ($1246:00 -1246:20 UT), and then the cusp ($1246:20-1246:40 UT) and the low-latitude boundary layer (LLBL) ($1246:40-1247:00 UT). The cusp was located at $77.8°-78.5°and approximately corresponded to an enhanced oval region located at the same latitude near the magnetic noon which appeared after 1244 UT. The location of the near noon cusp is also consistent with the small IMF B y values at the shock. After passing a thin region of the LLBL and the boundary plasma sheet (BPS), the DMSP F14 entered a region populated with central plasma sheet (CPS)-type precipitating particles (from $1247:40 to $1251:50 UT). The CPS particles faded away almost simultaneously at the time of the exit of the DMSP F14 from the auroral enhancement region. The electron precipitation was most likely responsible for the sudden enhancement of the aurora at the sub-auroral latitude seen by UVI, because the electron energy flux in this region (after $1248 UT) is one order of magnitude larger than the ion energy flux. Furthermore, the observed electron energy flux ($7 Â 10 12 ev/cm 2 s) is approximately consistent with the observed LBH emission increase ($4 -5 photons/cm 2 s). Note that a narrow energy band of unusual low-energy (sub-keV) ions, not seen in either the previous or the following DMSP passes, coexisted with the typical highenergy CPS ions in the MSP. The ion energy spectrogram indicates that the energy of ions varies with latitude: higher (lower) energy at higher (lower) latitudes. On the other hand, the variation of the ion energy may be a temporal effect because higher-energy ions appeared earlier than the lowerenergy ones. Assuming that these ions were energized at 7 -8 R E on the dayside equatorial plane at the same time, it would take $310 -350 s for 1-keV protons and $140-160 s for 200-eV protons to reach the ionosphere in a dipole field model. The time difference is consistent with the $3-min duration of the sub-keV ions observed by DMSP. We should also note that both the CPS electrons and the low-energy ions were also not seen in either the previous or the following satellite passes, suggesting that they are associated with the shock compression of the magnetosphere.
Event 2: October 10, 1997
[10] This event occurred on October 10, 1997 at 1612 UT as an SSC was recorded on the ground. A perpendicular IP shock was observed by Wind at $(77, À32, 14) R E in GSM at 1557 UT (not shown). The solar wind density, and hence dynamic pressure, were unusually high just prior to this event (N p > 12 cm
À3
) but increased to $21 cm À3 after the shock ramp. However, the discontinuity jump ratios for these parameters were about the same as those for the previous event.
[11] Auroral images from Polar UVI (Plate 2a) indicated a sudden brightening of aurora in both the prenoon oval and sub-auroral zones near noon at 1612:50 UT. In this event an MSP was clearly seen in the noon sector between $1000 and $1400 MLT and between $70°and $74°MLAT and was separated from the oval. The MSP then widened, mostly equatorward, and reached $67°MLATat 1615:54 UT. Again, the sub-auroral patch lasted for only $6 min, somewhat shorter than the lifetime of the auroral transient in the oval.
Event 3: October 2, 1998
[12] This event, which occurred on October 2, 1998, was also associated with an IP shock observed by Wind at (173, 14, À10) R E in GSM at 0704 UT (not shown). An SSC occurred later at 0726 UT and was likely caused by the impinging IP shock. A sequence of Polar UVI images shown in Plate 2b indicated a rapid brightening of aurora in both the auroral oval (above $70°MLAT) and the subauroral (below $70°MLAT and from $1000 to $1400 MLT) zones at that time. After brightening, the sub-auroral patch moved equatorward at a speed of $1°MLAT/min and eastward (from noon to postnoon) during the course of its short lifetime ($5 min). Since there were no DMSP observations at this time, making any identifications of the magnetospheric source region of the particles was impossible.
Discussion and Conclusions
[13] The three events illustrated above each showed clear evidence of a concurrent rapid brightening of the auroral patch in the midday sub-auroral zone and an SSC in response to a shock-compressed magnetosphere. The brightened auroral patch was observed mainly between $1000 and $1400 MLT at sub-auroral latitudes (above $65°M LAT) and had a short lifetime of $5 -6 min, clearly differing from the >20-min lifetime for its counterpart in the oval, as shown in the present paper and reported by Zhou and Tsurutani [1999] . The short lifetime of the sub-auroral transient indicates that an MSP is associated with a sudden change (compression) in the magnetosphere configuration in response to a sudden increase in the solar wind dynamic pressure across the shock. The latitudinal location of the MSP varied from one event to another. This is probably due to the solar wind dynamic pressure increase at the shock, because a higher dynamic pressure can result in a more compressed magnetosphere and a deeper effect. Indeed, the 970501 (981002) event had the highest (lowest) and the smallest downstream ram pressure among the three events.
[14] The statistical dayside precipitation map derived from longtime DMSP observations of particle precipitation indicates that particles from many regions, including from high to low latitudes, the plasma mantle, the cusp, the LLBL, and the BPS/CPS, contribute to dayside auroral precipitation [Newell and Meng, 1992] . Comparing UVI images of the three MSP events with the dayside statistical particle precipitation map, we see that the dayside extension of the CPS is the most probable source region. Particles originating from the CPS in the nightside magnetotail can drift eastward (electrons) or westward (ions) and reach the dayside region as they convect sunward. Simultaneous DMSP observations from one (the first) event, indeed, confirm the particle source. The other two events, with no simultaneous DMSP particle observations, took place at even lower latitudes, but above $65°(L = 5.6), and hence their source region should be the CPS as well. Early reported ISIS 2 observations of dusk and evening subauroral patches [Moshupi et al., 1977] and arcs [Anger et al., 1978] were also found at the feet of field lines threading a trapped population of electrons of 1 -10 keV and radiation belt particles with energies up to 210 keV [Wallis et al., 1979] . Therefore, it is likely that magnetically trapped particles originally from the CPS were scattered into the loss cone that caused the MSP.
[15] On the basis of the DMSP particle observations, CPS particles are most likely responsible for producing the MSP. The magnetospheric compression must provide a means of allowing pre-existing, trapped CPS particles to enter the loss cone without involving any acceleration. This can be achieved by changing either the loss cone or particle pitch angles. It is well known that when the perpendicular to parallel temperature ratio (T ? /T || ) of the trapped particle population reaches a threshold value, a loss-cone instability may occur and a whistler mode wave may grow. Consequently, wave-particle interaction can pitch-angle scatter electrons into the loss cone [e.g., Johnstone et al., 1993, and references therein]. In the present condition a large T ? /T || value can be generated in the compressed frontside magnetosphere by an IP shock. This mechanism has been proposed to explain shock-associated dayside fast auroral transients in the oval [Zhou and Tsurutani, 1999] . Another possible mechanism is associated with the change in the loss cone. Upon the shock impact, the dayside magnetospheric B-field configuration is greatly distorted. Distortion of the B-field configuration is expected to be greatest near the front side of the magnetopause, especially in the equatorial region, and smallest near Earth where mirror points are rooted, resulting in a decreased mirror ratio and a wider loss cone. Originally trapped particles that lie near the loss cone suddenly become untrapped and quickly (in a time scale of a few seconds for keV electrons) fill the new loss cone. Moreover, the new particle distribution may be unstable and may result in loss-cone instabilities that pitch angle scatter particles into the loss cone ( perhaps in a few minutes time scale) producing auroral emissions in the dayside oval and the sub-auroral regions.
[16] Finally, note that there are several interesting and yet unexplained MSP features. First, why is the MSP separated from the oval? Since the entire dayside magnetosphere is compressed by the shock, one would expect a continuous band of auroral emission that extends from the oval to the sub-auroral latitudes. Second, why is the local time extent of the MSP limited to the dayside from 1000 to 1400 MLT? This may be because magnetic field compression is greatest on the front side, indicating that these MSP events are directly related to compression. Note that the shock-induced auroral transients reported by Zhou and Tsurutani [1999] have a much wider MLT extent and may be related to an enhanced field-aligned current in the typical auroral zone proposed by Tsurutani et al. [2001] . Third, why was lowenergy (sub-keV) proton precipitation found in the MSP region? Although these protons have too little energy flux to produce auroras visible to UVI, it would be interesting to know whether this feature is unique to a shock-compressed magnetosphere. Fourth, what is the contribution of protons to the MSPs? Although we found, based on one event, that electrons are the main contributor to the MSP, one cannot be certained about whether or not this is true for other events. These questions and suggested answers deserve attention and will be addressed in the near future when more data sets are available and more events are identified.
